The cross-talk between dynamic microtubules and integrin-based adhesions to the extracellular 1 matrix plays a crucial role in cell polarity and migration. Microtubules regulate the turnover of 2 adhesion sites, and, in turn, focal adhesions promote cortical microtubule capture and 3 stabilization in their vicinity, but the underlying mechanism is unknown. Here, we show that 4 cortical microtubule stabilization sites containing CLASPs, KIF21A, LL5 and liprins are 5 recruited to focal adhesions by the adaptor protein KANK1, which directly interacts with the 6 major adhesion component, talin. Structural studies showed that the conserved KN domain in 7 KANK1 binds to the talin rod domain R7. Perturbation of this interaction, including a single 8 point mutation in talin, which disrupts KANK1 binding but not the talin function in adhesion, 9
Introduction 1
Cell adhesions to the extracellular matrix support epithelial integrity and cell migration, and also 2 provide signaling hubs that coordinate cell proliferation and survival (Hynes, 1992) . Integrin-3 based adhesions (focal adhesions, FAs) are large macromolecular assemblies, in which the 4 cytoplasmic tails of integrins are connected to the actin cytoskeleton. One of the major 5 components of FAs is talin, a ~2500 amino acid dimeric protein, which plays a key role in 6 adhesion formation by activating integrins ( LL5-mediated anchoring of MTs to the basal cortex also plays a role during chicken embryonic 17 development, where it prevents the epithelial-mesenchymal transition of epiblast cells (Nakaya et 18 al., 2013) . LL5β, CLASPs and ELKS were also shown to concentrate at podosomes, actin-rich 19 structures, which can remodel the extracellular matrix (Proszynski and Sanes, 2013) . Here, we found that KANK1 is required for the association of the CMSCs with FAs. The 4 association of KANK1 with FAs depends on the KN domain, a conserved 30 amino acid 5 polypeptide sequence present in the N-termini of all KANK proteins. Biochemical and structural 6 analysis showed that the KN domain interacts with the R7 region of the talin rod. Perturbation of 7 this interaction both from the KANK1 and the talin1 side prevented the accumulation of CMSC 8 complexes around focal adhesions and affected microtubule organization around FAs. We 9 propose that KANK1 molecules, recruited by talin to the outer rims of FA, serve as "seeds" for 10 organizing other CMSC components in FA vicinity through multivalent interactions between 11 these components. This leads to co-organization of two distinct cortical assemblies, FAs and 12 CMSCs, responsible for the attachment of actin and microtubules, respectively, and ensures 13 effective cross-talk between the two types of cytoskeletal elements. 14
15
Results 1
Identification of talin1 as a KANK1 binding partner 2
Our previous work showed that the endogenous KANK1 colocalizes with LL5, liprins and 3 KIF21A in cortical patches that are closely apposed to, but do not overlap with FAs (van der 4 Vaart et al., 2013). We confirmed these results both in HeLa cells and the HaCaT immortal Figure Supplement 2A ,B), as described previously 11 (Stehbens et al., 2014) . These data support the view that the organization of CMSCs at the cell 12 cortex might be controlled by tension-sensitive components of FAs. 13
To identify the domains of KANK1 required for cortical localization, we performed 14 deletion mapping. KANK1 comprises an N-terminal KANK family-specific domain of unknown 15 function, the KN domain (residues 30-68) (Kakinuma et al., 2009), a coiled coil region, the N-16
terminal part of which interacts with liprin-1, and a C-terminal ankyrin repeat domain, which 17 binds to KIF21A (van der Vaart et al., 2013), while the rest of the protein is predicted to be 18 unstructured ( Figure 1A) . Surprisingly, the KN domain alone strongly and specifically 19 accumulated within FAs ( Figure 1B) . A similar localization was also seen with a somewhat larger 20 N-terminal fragment of KANK1, Nter, as well as the Nter-CC1 deletion mutant, which contained 21 the first, liprin-1-binding coiled coil region of KANK1 ( Figure 1A ,B). However, an even larger 22 N-terminal part of KANK1, encompassing the whole coiled coil domain (Nter-CC) showed a 23 pronounced enrichment at the FA rim ( Figure 1A,B ). The KANK1 deletion mutant missing only 24 the C-terminal ankyrin repeat domain (ANKR) was completely excluded from FAs but 25 accumulated in their immediate vicinity, similar to the full-length KANK1 ( Figure 1A ,B). A tight 26 ring-like localization at the outer rim of FAs was also observed with a KANK1 mutant, which 27 completely missed the coiled coil region but contained the ankyrin repeat domain (CC), while 28 the mutant which missed just the KN domain showed no accumulation around FAs ( Figure  29 1A,B). To test whether the exclusion of larger KANK1 fragments from the FA core was simply 30 due to the protein size, we fused GFP-tagged KN domain to the bacterial protein -D-31 galactosidase (LacZ), but found that this fusion accumulated inside and not around FAs ( (1336 and 1400 amino acids, respectively), but one accumulates inside FAs, while the other is 3 excluded to their periphery, this result suggests that features other than the mere protein size 4 determine the specific localization of KANK1 to the FA rim. We conclude that the KN domain of 5 KANK1 has affinity for FAs, but the presence of additional KANK1 sequences prevents the 6 accumulation of the protein inside FAs and instead leads to the accumulation of KANK1 at the 7 FA periphery. 8
To identify the potential FA-associated partners of KANK1, we co-expressed either full-9 length KANK1 or its N-terminal and C-terminal fragments fused to GFP and a biotinylation 10 (Bio) tag together with biotin ligase BirA in HEK293T cells and performed streptavidin pull 11 down assays combined with mass spectrometry. In addition to the already known binding 12 partners of KANK1, such as KIF21A, liprins and LL5β, we identified talin1 among the strongest 13 hits ( Figure 1C ). Talin2 was also detected in a pull down with the KANK1 N-terminus though 14 not with the full-length protein ( Figure 1C ). The interaction between KANK1 and talin1 was 15 confirmed by Western blotting, and subsequent deletion mapping showed that the talin1-binding 16 region of KANK1 encompasses the KN domain ( Figure 1A residues that mediate interaction with talin are present in the KN domain ( Figure 1E ). 25
Using deletion analysis, we mapped the KANK1-binding site of talin1 to the central 26 region of the talin rod, comprising the R7-R8 domains ( Figure 1F ). This R7-R8 region of talin is 27 unique (Gingras et al., 2010), as the 4-helix bundle R8 is inserted into a loop of the 5-helix 28 bundle R7, and thus protrudes from the linear chain of 5-helix bundles of the talin rod ( Figure 1F the presence of the LD-binding site, we anticipated that KANK1 would also interact with R8. 2 However, deletion mapping revealed that KANK1 in fact binds to the talin1 rod domain R7 3 ( Figure 1F ,G), suggesting that KANK1 interacts with a novel binding site on talin1. 4 5
Structural characterization and mutational analysis of the KANK1-talin1 complex 6
To explore the interaction between talin1 and KANK1 in more detail, we used NMR chemical 7 shift mapping using 15 This is indicative of slow-exchange and confirms a high affinity interaction between R7 and 20 KANK1. The KN peptide is the first identified ligand for the R7 domain. 21 NMR chemical shifts also provide information on the residues involved in the interaction, 22
as the peaks in the 15 N-HSQC spectrum pertain to individual residues in the protein. To map 23 these chemical shift changes onto the structure of R7-R8, it was first necessary to complete the 24 backbone chemical shift assignments of the R7 domain. This was achieved using conventional 25 triple resonance experiments as described previously (Banno et al., 2012), using 13 Our recent elucidation of the interaction between the LD-motif of DLC1 and talin R8 has 29 generated insight into how LD-motifs are recognized by helical bundles (PDB ID. 5FZT, 30 (Zacharchenko et al., 2016)). In the DLC1:talin R8 complex the DLC1 peptide adopts a helical 31 conformation that packs against two helices on the side of the helical bundle. It is becoming 1 increasingly clear that other LD-motif proteins bind to talin through a similar interaction mode 2 (Zacharchenko et al., 2016). The surface of α2 and α5 on R7 forms a hydrophobic groove that the 3 KANK1 helix docks into. A striking feature of this KANK1 binding surface is that the two 4 helices are held apart by the conserved aromatic residues, W1630 at the end of α5 and Y1389 at 5 the end of α2 ( Figure 2B ,E). W1630 and Y1389 thus essentially serve as molecular rulers, 6 separating helices α2 and α5 by ~8Å (compared with ~5-6Å for the other bundles in R7-R8). The 7 spacing between the two helices is enhanced further as the residues on the inner helical faces, 8 S1400, G1404, S1411 on α2 and S1637 and S1641 on α5, have small side chains which have the 9 effect of creating two conserved pockets midway along the hydrophobic groove of the KANK1-10 binding site ( Figure 2E ). 11
The talin-binding site on KANK1 is unusual as it contains a double LD-motif, LDLD. 12
The structure of R7 revealed a potential LD-recognition box with the positive charges, K1401 13 and R1652 positioned on either side to engage either one, or both, of the aspartic residues. Using 14 the docking program HADDOCK (van Zundert et al., 2016), we sought to generate a structural 15 model of the KANK1/R7 complex, using the chemical shift mapping on R7 and a model of 16 KANK1(30-60) as a helix (created by threading the KANK1 sequence onto the DLC1 LD-motif 17 helix). This analysis indicated that the KANK-LD helix can indeed pack against the sides of α2 18 and α5 ( Figure 2E ). Interestingly, all of the models, irrespective of which way the KANK1 helix 19 ran along the surface, positioned the bulky aromatic residue, Y48 in KANK1, in the hydrophobic 20 pocket created by G1404. This raised the possibility that mutation of G1404 to a bulky 21 hydrophobic residue might block KANK1 binding by preventing Y48 engagement. We also 22 noticed that S1641, one of the small residues that create the pocket, has been shown to be 23 phosphorylated in vivo (Ratnikov et al., 2005) and might have a regulatory function in the 24
KANK1-talin1 interaction. 25
To test these hypotheses, we generated a series of point mutants in talin R7 and also in the 26 KANK1 KN-domain, designed to disrupt the talinR7/KANK1 interaction. On the KANK1 side, 27
we mutated the LDLD motif to AAAA, (the KANK1-4A mutant), while on the talin1 side, we 28 generated a series of R7 mutants. These included G1404L, in which a bulky hydrophobic residue 29 was introduced instead of glycine to occlude the hydrophobic pocket in R7, S1641E, a 30 phosphomimetic mutant aimed to test the role of talin phosphorylation in regulating KANK1 31 binding, and W1630A, a substitution that would remove one of the molecular rulers holding α2 1 and α5 helices apart at a fixed distance. These mutants were introduced into talin1 R7-R8 and the 2 structural integrity of the mutated proteins confirmed using NMR ( assay. In this assay, the KANK1(30-60) peptide is fluorescently labeled with BODIPY and 5 titrated with an increasing concentration of talin R7-R8, and the binding between the two 6 polypeptides results in an increase in the fluorescence polarization signal ( Figure 2F ). The 7 KANK1-4A mutant abolished binding to talin ( Figure 2C ,F). The S1641E mutant had only a 8 small effect on binding ( Figure 2G ), suggesting that either talin1 phosphorylation does not play a 9 major role in modulating the interaction with KANK1 or that the S-E mutation is not a good 10 phosphomimetic, possibly because phosphorylation might also affect helix formation integrity, an 11 effect not mimicked by a single aspartate residue. However, strikingly, both the W1630A and the 12 G1404L mutants abolished binding of KANK1 to talin R7 ( Figure 2G ), confirming the validity of 13 our model. Finally, we also tested whether the KN-R7 interaction is conserved in talin2 and 14 KANK2, and found that this was indeed the case ( 
Talin1-KANK1 interaction controls cortical organization of CMSC components 18
Next, we set out to test the importance of the identified interactions in a cellular context by using 19 the KANK1-4A and the talin G1404L mutants. We chose the G1404L talin mutant over W1630A 20 for our cellular studies, because removing the bulky tryptophan from the hydrophobic core of the 21 R7 might have the off target effect of perturbing the mechanical stability of R7, and our recent 22 studies showed that the mechanostability of R7 is important for protecting R8 from force-induced 23 talin extension (Yao et al., 2016). As could be expected based on the binding experiments with 24 protein fragments, introducing the 4A mutation in KANK1 and the G1404L substitution in full-25 length talin abrogated the interaction of the full-length proteins ( Figure 3A binding coiled coil domain (the CC deletion mutant, Figure 1A ), and the 4A-version of the 2 KANK1-CC deletion mutant. Total Internal Reflection Fluorescence Microscopy (TIRFM)-3 based live imaging showed that, consistent with our previous results, the GFP-tagged wild type 4 KANK1 strongly accumulated in cortical patches that were tightly clustered around FAs ( Figure  5 3C,D). The KANK1-CC mutant, which lacked the liprin-1-binding site but contained an intact 6 KN motif, showed highly specific ring-like accumulations at the rims of FAs ( Figure 3C ,D). In 7 contrast, KANK1-4A was not clustered anymore around FAs but was dispersed over the cell 8 cortex ( Figure 3C ,D). The KANK1-CC-4A mutant, lacking both the liprin-1 and the talin-9 binding sites, and the KN-4A mutant were completely diffuse ( Figure 3C ,D). 10
To test the impact of the talin1-G1404L mutant, we depleted both talin1 and talin2, which 11 are co-expressed in HeLa cells, and rescued them by introducing mouse GFP-talin1, which was 12 resistant to used siRNAs. The depletion of the two talin proteins resulted in a dramatic loss of 13 1). We conclude that perturbing the KANK1-talin interaction, including the use of a single point 22 mutation in the ~2500 amino acid long talin1 protein, which does not interfere with the talin 23 function in FA formation, abrogates KANK1 association with FAs. 24
We next tested whether mislocalization of KANK1 due to the perturbation of KANK1-25 talin1 binding affected other CMSC components. The localization of GFP-KANK1 and its 26 mutants relative to FAs labeled with endogenous markers was very similar to that described 27 above based on live imaging experiments ( Figure 4A ). Co-depletion of KANK1 and KANK2 28 abolished clustering of CMSC components, such as LL5 and KIF21A at the cell edge ( Figure  29 4B,C). Wild type GFP-KANK1 could rescue cortical clustering of these proteins in KANK1 and 30 KANK2-depleted cells ( Figure 4B , C). However, this was not the case for the KANK1-4A 31 mutant, the KANK1-CC mutant or the KANK1 version bearing both mutations ( Figure 4B , C). 1 Importantly, the dispersed puncta of the KANK1-4A mutant still colocalized with LL5, as the 2 binding to liprin-1 was intact in this mutant ( Figure 3A , Figure 4B ,C), while the FA-associated 3 rings of KANK1-CC, the mutant deficient in liprin-1 binding, showed a mutually exclusive 4 localization with LL5 ( Figure 4B ). In contrast, KIF21A, which binds to the ankyrin repeat 5 domain of KANK1, could still colocalize with KANK1-CC at FA rims ( Figure 4B ). The overall 6 accumulation of KIF21A at the cell periphery was, however, reduced, in line with the strongly 7 reduced KANK1 peripheral clusters observed with the KANK1-CC mutant. The diffuse 8 localization of the KANK1-4A-CC mutant led to the strongly dispersed distribution of the 9 CMSC markers ( Figure 4B ,C). Furthermore, only the full-length wild type KANK1, but neither 10 the 4A nor CC mutant could support efficient accumulation of CLASP2 at the peripheral cell 11 cortex in KANK1 and KANK2-depleted cells ( Figure Next, we investigated whether disrupting the KANK1-talin1 interaction from the talin1 14 side would affect also CMSC localization and found that this was indeed the case: both LL5 and 15 KIF21A were clustered around FAs in talin1 and talin2-depleted cells rescued with the wild type 16 GFP-talin1, but not in the cells expressing the GFP-talin1-G1404L mutant, deficient in KANK1 17 binding ( Figure 4F ,G). 18
Our data showed that KANK1-CC could not support proper clustering of CMSC 19 components at the cell edge in spite of its tight accumulation at the FA rims. These data indicate 20 that in addition to binding to talin1, the localization of CMSC clusters depends on the KANK1-21 liprin-1 connection. This notion is supported by the observation that the overexpressed coiled 22 coil region of KANK1 (CC1), which can compete for liprin-1 binding but cannot interact with 23 talin1, acted as a very potent dominant negative, which suppressed accumulation of LL5 at the 24 cell periphery ( Figure 4H ,I). We conclude that the core CMSC protein LL5 as well as the 25 microtubule-binding CMSC components KIF21A and CLASP2 depend on the KANK1 26 interaction with both talin1 and liprin-1 for their efficient clustering in the vicinity of focal 27 adhesions at the cell periphery. periphery increased, and microtubules were growing at oblique angles to the cell margin ( Figure  23 5B-E). The increase of the microtubule growth rate observed with the GFP-KANK1-ΔCC mutant 24 was less strong than with the two 4A mutants ( Figure 5B -E). This can be explained by the fact 25 that GFP-KANK1-ΔCC was strongly clustered at FA rims ( Figure 3C , Figure 5B ), and, through 26 its ankyrin repeat domain, could still recruit some KIF21A, a potent microtubule polymerization 27 inhibitor (van der Vaart et al., 2013). 28
The results with rescue of talin1 and talin2 co-depletion with GFP-talin1 or its G1404L 29 mutant fully supported the conclusions obtained with the KANK1-4A mutant: while in GFP-30 talin1-expressing cells microtubule growth at the cell edge was three fold slower than in the cell 31 center, only a 1.5 fold difference was observed in GFP-talin1-G1404L expressing cells, and the 1 proportion of microtubules growing parallel rather than perpendicular to the cell edge greatly 2 increased ( Figure 5F -I). We conclude that a single point mutation in talin1, which does not 3 interfere with FA formation, is sufficient to perturb CMSC clustering and, as a consequence, 4 induce microtubule disorganization in the vicinity of peripheral FAs. 5 6 Discussion 7
In this study, we have shown that the conserved KN motif of KANK1 represents an LD-type 8 ligand of talin, which allows this adaptor protein to accumulate in the vicinity of integrin-based 9
adhesions. This function is likely to be conserved in the animal kingdom, as the KANK is that while the KN peptide alone can penetrate into FAs, larger KN-containing protein 18 fragments are sterically excluded from the dense actin-containing core of the FA. However, our 19 experiment with the KN-LacZ fusion did not support this simple idea, indicating that the 20 underlying mechanism is likely to be more complex and might involve specific disordered or 21 ordered domains and additional partners of KANK1, or other regulatory mechanisms. 22
Another important question is how KANK1 binding to the rim of focal adhesions can 23 promote CMSC accumulation around these structures, a spatial arrangement in which most of the 24 CMSC molecules cannot be in a direct contact with FAs. Previous work on CMSC complexes 25 showed that they are formed through an intricate network of interactions. The "core" components 26 of these complexes, which can be recruited to the plasma membrane independently of each other, The dynamic assemblies of CMSC components, which are spatially separate from other 8 plasma membrane domains and which rely on multivalent protein-protein interactions, are 9 reminiscent of cytoplasmic and nucleoplasmic membrane-unbounded organelles such as P 10 granules and stress granules, the assembly of which has been proposed to be driven by phase 11 transitions (Astro and de Curtis, 2015; Brangwynne, 2013; Hyman and Simons, 2012). The 12 formation of such structures, which can be compared to liquid droplets, can be triggered by local 13 concentration of CMSC components. It is tempting to speculate that by concentrating KANK1 at 14 the FA rims, talin1 helps to "nucleate" CMSC assembly, which can then propagate to form large 15 structures surrounding FAs ( Figure 6B Peptide stock solutions were made in PBS (137 mM NaCl, 27 mM KCl, 100 mM Na 2 HPO 4 , 18 3 mM KH 2 PO 4 ), 100 mg/ml TCEP and 0.05% Triton X-100, and coupled via the carboxy terminal 4 cysteine to the Thiol reactive BIODIPY TMR dye (Invitrogen). Uncoupled dye was removed by 5 gel filtration using a PD-10 column (GE Healthcare). The labeled peptide was concentrated to a 6 final concentration of 1 mM using a centricon with 3K molecular weight cut off (Millipore). 7
The Fluorescence Polarization assay was carried out on a black 96well plate (Nunc). Titrations 8 were performed in triplicate using a fixed 0.5 μM concentration of peptide and an increasing 9 concentration of Talin R7-R8 protein within a final volume of 100 μl of assay buffer (PBS). 10
Fluorescence Polarization measurements were recorded on a BMGLabTech CLARIOstar plate 11 reader at room temperature and analyzed using GraphPad Prism (version 6.07). K d values were 12 calculated with a nonlinear curve fitting using a one site total and non-specific binding model. 13
14

NMR Spectroscopy 15
NMR experiments for the resonance assignment of talin1 R7, residues 1357-1653 Δ1454-1586 16 were carried out with 1 mM protein in 20 mM sodium phosphate, pH 6.5, 50 mM NaCl, 2 mM 17 dithiothreitol, 10% (v/v) 2H2O. NMR spectra were obtained at 298 K using a Bruker AVANCE 18 III spectrometer equipped with CryoProbe. Proton chemical shifts were referenced to external 19 2,2-dimethyl-2-silapentane-5-sulfonic acid, and 15 conserved residues, W1630 and Y1389 (blue) hold these two helices apart forming the binding 6 interface. A small glycine side chain (G1404) creates a pocket between the helices. S1641 7 (magenta) has been shown previously to be a phosphorylation site (Ratnikov et al., 2005) . 
